Abstract-Both fuzzy logic and computed fuel rat io can compensate the steady-state error o f proportionalderivative (PD) method. This paper presents parallel computed fuel rat io co mpensation for fu zzy plus PID control management with application to internal combustion (IC) engine. The asymptotic stability of fuzzy plus PID control methodology with first-order computed fuel ratio estimation in the parallel structure is proven. For the parallel structure, the fin ite time convergence with a super-twisting second-order slidingmode is guaranteed.
I. Introduction
The internal co mbustion (IC) engine is designed to produce power fro m the energy that is contained in its fuel. More specifically, its fuel contains chemical energy and together with air, this mixtu re is burned to output mechanical power. There are various types of fuels which can be used in IC engines namely; petroleum, d iesel, bio-fuels, and hydrogen [1] . Modeling of an entire IC engine is a very impo rtant and complicated process because IC engines are nonlinear, mu lti inputs-mult i outputs (MIMO) and time variant. One of the most significant challenges in control manage algorith ms is a linear behavior controller design for nonlinear systems (e.g., IC engine). All of IC engines which work in industrial processes are controlled by linear PD control management and proportional-integral-derivative (PID) method, but the design of linear control management for IC engines is extremely difficult because they are hardly nonlinear and uncertain [1] [2] 6] . To reduce the above challenges, the nonlinear robust methodology (e.g., computed fuel ratio methodology) is used to compensate the linear control of IC engine.
The controller is a device wh ich can sense informat ion fro m linear or nonlinear system (e.g., IC engine) to improve the systems performance [3] main targets to design a control systems are stability, good disturbance rejection, and small tracking erro r [5] . In automotive industries s everal IC engines are controlled by linear methodologies (e.g., ProportionalDerivative (PD) methodology, Proportional-Integral (PI) method or Proportional-Integral-Derivative (PID) method), but it has many limitat ion to have a good result. In some applications IC engines are used in an unknown and unstructured environment, therefo re strong mathematical tools used in new control methodologies to design fuzzy plus PD controller based on computed fuel ratio compensation [4] [5] .
Fuzzy-logic aims to provide an appro ximate but effective means of describing the behavior of systems that are not easy to describe precisely, and which a re complex o r ill-defined [7] [8] [9] [10] [11] 22] . It is based on the assumption that, in contrast to Boolean logic, a statement can be partially true (or false) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [23] [24] [25] [26] [27] [28] [29] [30] [31] . For examp le, the expression (I live near SSP.Co) where the fuzzy value (near) applied to the fuzzy variab le (distance), in addition to being imprecise, is subject to interpretation. The essence of fu zzy control is to build a model of human expert who is capable of controlling the plant without thinking in terms o f its mathematical model. As opposed to conventional control approaches where the focus is on constructing a controller described by differential equations, in fuzzy control the focus is on gaining an intuitive understanding (heuristic data) of how to best control the process [28] , and th en load this data into the control system [28] [29] [30] [31] .
Co mputed fuel ratio methodology (CFM) is a powerful nonlinear optimized co mpensate method, which it is widely used in control of fuel ratio of IC engine. It is based on feedback linearization and computes the required engine fuels using the nonlinear feedback control law. Th is nonlinear term is used to reject d isturbances and also some classes of mismatches between the actual system and the model used for design [12, [26] [27] [28] [29] . These standard CFMs are robust with respect to internal and external perturbations, but they are restricted to the case in which the output relative degree is one. Besides, the high frequency switching that produces the computed fuel ratio may cause chattering effect. The tracking error of CFM converges to zero if its gain is bigger than the upper bound of the unknown nonlinear function [29] [30] .
Normal co mbinations of PD control with fu zzy logic (PD+FL) and computed fuel rat io method (PD+CFM) is design to automotive engine [17] , while FLC compensates the control error, CFM reduces the remain error of fu zzy PD to have robust and stable result [18] . The error is reduce, because PD+CFM and PD+FL work parallel. In this paper, the asymptotic stability of PD control with parallel fu zzy logic and the first-order computed fuel ratio co mpensation is proposed (PD+CFM +FL). The fu zzy PD is used to approximation the nonlinear plant [23] [24] [25] [26] [27] [28] [29] . This paper is organized as follows; second part focuses on the modeling dynamic formu lation based on Lagrange methodology, fuzzy logic methodology and computed fuel ratio controller to have a robust control. Third part is focused on the methodology which can be used to reduce the error, increase the performance quality and increase the robustness and stability. Simu lation result and discussion is illustrated in forth part which based on trajectory following and disturbance rejection. The last part focuses on the conclusion and compare between this method and the other ones.
II. Theory

IC Engine's Dynamic:
Dynamic modeling of IC engine is used to describe the nonlinear behavior o f IC engine, design of model based controller such as pure variable structure controller based on nonlinear dynamic equations, and for simulat ion. The dynamic modeling describes the relationship between fuel to air ratio to PFI and DI and also it can be used to describe the particular dynamic effects (e.g., motor pressure, angular speed, mass of air in cylinder, and the other parameters) to behavior of system [1] .
The equation of an IC engine governed by the following equation [1, 4, 25, 29] :
Where is port fuel injector, is direct injector, ̇ is a symmetric and positive define mass of air matrix, is the pressure of motor, is engine angular speed and is matrix mass of air in cy linder. Fuel ratio and exhaust angle are calculated by [25, 29] :
The above target equivalence ratio calculation will be combined with fuel ratio calculat ion that will be used for controller design purpose.
Copyright © 2013 MECS
I.J. Intelligent Systems and Applications, 2013, 08, 83-92
Model free Control Technique
The control problem for IC engines is to determine the port fuel injection (PFI) and direct in jection (DI) required causing the fuel ratio (FR) execute a co mmand motion. The objective of the control methodology can be divided into two different categories: regulation and tracking. Regulation problem control is used when the desired trajectory of the end-effector is chosen to be constant by specifying to the final point. Tracking problem consists of follo wing a t ime vary ing FR reference trajectory. The model-free control strategy is based on the assumption that the joints of the man ipulators are all independent and the system can be decoupled into a group of single -axis control systems [18] [19] [20] [21] [22] [23] . Therefore, the kinemat ic control method always results in a group of individual controllers, each for an active joint of the manipulator. With the independent joint assumption, no a priori knowledge o f IC engine dynamics is needed in the kinemat ic controller design, so the complex co mputation of its dynamics can be avoided and the controller design can be greatly simplified. Th is is suitable for real-time control applications when powerful processors, which can execute co mplex algorithms rapid ly, are not accessible. However, since jo ints coupling is neglected, control performance degrades as operating speed increases and a manipulator controlled in this way is only appropriate for relatively slow motion [31] . The fast motion requirement results in even higher dynamic coupling between the various robot joints, wh ich cannot be compensated for by a standard robot controller such as PD [21] , and hence model-based control becomes the alternative. Based on above discussion;
To show that the above control law is stable and achieves zero steady state error , consider the Lyapunov function condidate;
We have:
The right term presents the power input fro m the PFI and DI, and the left term represents the derivative of IC engine's kinetic energy.
We can write the time derivative of V as;
Let us consider ̇ . This implies that;
Computed Fuel Ratio Method
Co mputed fuel optimization (CFM) is a powerful nonlinear optimized supervisory method, which it is widely used in control of fuel ratio of IC engine. It is based on feedback linearization and co mputes the required engine fuels using the nonlinear feedback control law. This controller works very well when all dynamic and physical parameters are known or part ly unknown. In practice, most of physical systems (e. 
This is a nonlinear feedback control law that guarantees tracking of IC engine trajectory. 
According to the linear system theory, convergence of the tracking error to zero is guaranteed. Where and are the controller gains.
Proof of Stability
The lyapunov formulation can be written as follows,
The derivation of can be determined as, 
It is assumed that
by substituting (17) in ( 
The Lemma equation in IC engine system can be written as follows 
Fuzzy Logic Methodology
Based on foundation of fuzzy logic methodology; fuzzy logic control has played important rule to design nonlinear methodology for nonlinear and uncertain systems [16] . Ho wever the application area for fu zzy control is really wide, the basic form for all co mmand types of controllers consists of;
Input fuzzification (binary-to-fuzzy [B/F] conversion)
Fuzzy ru le base (knowledge base), Inference engine and Output defuzzification (fuzzy-to-b inary [F/ B] conversion). Figure 1 shows the fuzzy controller part. The fuzzy inference engine offers a mechanism for transferring the rule base in fu zzy set which it is divided into two most important methods, namely, Mamdani method and Sugeno method. Mamdani method is one of the common fu zzy in ference systems and he designed one of the first fuzzy managements to control of system engine. Mamdani's fuzzy inference system is divided into four major steps: fu zzificat ion, rule evaluation, aggregation of the rule outputs and defuzzification. Michio Sugeno use a singleton as a membership function of the rule consequent part. The following definit ion shows the Mamdani and Sugeno fu zzy ru le base [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Rule evaluation focuses on fuzzy operation ( ) in the antecedent of the fuzzy rules. The aggregation is used to calculate the output fuzzy set and several me thodologies can be used in fuzzy logic controller aggregation, namely, Max-Min aggregation, Su m-M in aggregation, Max-bounded product, Max-drastic product, Max-bounded sum, Max-algebraic su m and Min-max. Defu zzification is the last step in the fuzzy inference system which it is used to transform fuzzy set to crisp set. Consequently defuzzification's input is the aggregate output and the defuzzification's output is a crisp number. Centre of gravity method ( ) and Centre of area method ( ) are t wo most common defuzzification methods.
III. Methodol ogy
Based on the dynamic formu lation of IC engine, (3), and the industrial PD law (5) in this paper we discuss about regulation problem, the desired position is constant, i.e., ̇ . In most IC engine control, desired joint positions are generated by the trajectory planning. The object ive of robot control is to design the input torque in (1) such that the tracking error (40) When the dynamic parameters of robot formulat ion known, the PD control fo rmulat ion (11) shoud include a compensator as
Where G is gravity and F is appositive definite diagonal matrix friction term (coulomb friction). . When G and F in (11) are unknown, a fuzzy logic can be used to approximate them as
Where given membership functions whose parameters will not change over time.
The second type of fuzzy systems is given by
Where are all adjustable parameters. Fro m the universal appro ximation theorem, we know that we can find a fu zzy system to estimate any continuous function. For the first type of fu zzy systems, we can only adjust in (45). We define ( ) as the approximator of the real function ( ).
We define as the values for the minimum error:
Where is a constraint set for . For specific ( ) ( ) is the minimu m approximation error we can get.
We used the first type of fu zzy systems (44) to estimate the nonlinear system (12) the fu zzy formulation can be write as below;
Where are adjusted by an adaptation law. The adaptation law is designed to minimize the parameter errors of . The SISO fuzzy system is define as
Where
To reduce the number of fuzzy ru les, we divide the fuzzy system in to three parts:
The control security input is given by
] are the estimat ions of
If the dynamic formulation of IC engine defined by
The controller formulation is defined by
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This method has two main management's coefficients,
. To tune and optimize these parameters mathematical formulation is used
The most important different between PD+ CFC and PD+CFC+FL is the uncertainty. In PD+CFC the uncertainty is d = G+F + f. The co mputed fuel ratio gain must be bigger than its upper bound. It is not an easy job because this term includes tracking errors and ̇ . While in PD+CFC+FL, the uncertainty η is the fu zzy approximation error for .
It is usually is smaller than ; and the upper bound of it is easy to be estimated. Figure 2 shows the control unit methodology to tune the output performance. 
IV. Results and Discussion
In this section, we use a benchmark model, IC engine, to evaluate our control algorith ms [22] . We co mpare the following methodologies: classical PD methodology, PD fu zzy methodology and serial fu zzy co mputed fuel ratio PD methodology which is proposed in this paper. The simulation was implemented in MATLAB/SIMULINK environment. Figure  3 illustrates the tracking performance in three types of methodologies; linear PD method, linear PD method based on fuzzy logic estimator and nonlinear estimator based on fuzzy logic and computed fuel ratio method. Based on Figure 3 ; pure PD management has oscillation in first and three lin ks, because IC engine is a highly nonlinear management and control of this system by linear method is very difficu lt. Based on above graph, however PD+FUZZY controller is a nonlinear methodology but it has difficulty to control this plant because it is a model base controller.
Close loop response of IC engine fuel ratio:
Close loop res ponse of fuel ratio followi ng in presence of load disturbance: Figure 4 demonstrates the power disturbance elimination in three types of controller in presence of disturbance for IC engine. The disturbance rejection is used to test the robustness comparisons of these three methodologies. 
V. Conclusion
The main contributions of the paper are twofold. The first advantage of proposed method is increase the stability and robustness and the second one is artificial intelligence based dynamic method based on parallel method. The structure of fuzzy PD control with computed fuel ratio compensation is new. We propose parallel structure and robust nonlinear compensator. The key technique is dead-zone, such that fuzzy control and computed fuel rat io control can be switched automatically. The stability analysis of fuzzy co mputed fuel rat io PD manages is also new. Stability analysis of fuzzy PD algorithm with first-order or second-order computed fuel ratio is not published in the literature. The benefits of the proposed method; the stabilityA effects of fuzzy co mputed fuel rat io PD methodology, the slow convergence of the fuzzy PD and the chattering problem of co mputed fuel ratio PD method are avoided effectively.
